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Vjy A means for measuring either the intrinsic or inherent ^ - 

viscosity of a solute m solution with a solvent which is 

inHaruuwlon4 «wf Sl~^~. > ... — 



independent of flow rate and temperature fluctuations. The 
solution is passed through one capillary tube and the solvent 
through a second capillary, and the pressure drop across 
each is measured. Signals corresponding to each pressure 
drop measurement are fed to an amplification means such as 
a logarithmic amplifier where they are processed to deter- 



mine either the intrinsic or inherent viscosity of the solute 
independent of flow rate and temperature fluctuations. The 
viscosity measuring means may also be used together with 
size exclusion chromatography to determine the molecular 
weight distribution of polymer materials. It may also be used 
to measure the relative viscosity of a sample liquid and a 
reference liquid, and to determine trie viscosity of the sample 
liquid independent of flow rate and temperature fluctuatio 
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Differential Pressure Capillary Vise meter for 
Measuring Viscosity ind p ndent of Plow Rate 
and Temperature Fluctuations 



BACKGROUND OP THE INVENTION 
1. Field of the Invention 

This invention relates to capillary 
viscometers. More specifically, it relates to 
differential pressure capillary viscometers which may 
be used alone to measure the viscosity of fluids or 
together with a chromatograph to obtain accurate 
viscosity information for determining molecular weight 
distributions. 

1L Discussion of the Prior Art 

Accurate measurements of fluid viscosity are 
important in many industries. A capillary viscometer ; 
is often used to measure the absolute viscosity of a 
given fluid. For many purposes .however . it is 
necessary to know the relative viscosity of two 
fluids. Relative viscosity is often determined 
experimentally by measuring the absolute viscosity of 
each fluid separately with a capillary viscometer and 
then calculating the ratio. 

Relative viscosity is of particular 
importance in polymer research and manufacturing since 
it can be used to measure molecular weights and to 
determine molecular weight distributions, which 
provide important information relating to the physical 
properties of polymers. A comparison of the viscosity 
behavior of two polymers of the same molecular weight, 
for example, is used as a measure of the degree of 
branching. One of the oldest means used to obtain 
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such informati n is t m asure th viscosity Qff 81 224 

kn vn c nc ntrati n f a p lymer in a s Ivent. By 

utilizing the rati f the viscosity of the 

p lymer-solv nt solution, n p , to that f the pure 

solvent, vn, the intrinsic viscosity [ti] of the 
s 

polymer can be calculated in accordance with following 
mathematical relationship: 



Relative viscosity i| £ » ^p^s 

10 * Specific viscosity ti = tt -1 

sp r •■ 



15 



25 



Vc 



Inherent viscosity n inh » (In 

(where C is the polymer weight concentration 
and in is the symbol for natural logarithm) 



and finally 



r«v lin « lim 

17,1 " c-o ^inh . " c-o ^sp/C 

20 - "o < ln *rMc 



(where is the mathematical symbol meaning 

limit of the quantity when the concentration 
C approaches zero) 



Inherent and intrinsic viscosities are important 
polymer characterization parameters. The Intrinsic 
viscosity, for example, provides an indication of the 
size of the polymer molecules. The value of [t|J is 

30 not a function of polymer concentration or the 

viscosity of the solvent medium. The value of [ti] 
for a linear polymer in a specific solvent is related 
to the polymer molecular weight M through the 
Mark-Houwink Equation: 

35 LnJ.- 
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wh re K and a are Mark-H uwink viscosity constants, 
some of which ar available in polymer handbooks. 

Prior art viscometers hav been d signed to 
measure viscosities in a number of ways. An early 
5 device used a single capillary of known diameter and 
length. Both the volume rate of flow of the solution 
and the pressure drop for flow through the capillary 
are measured. The pressure drop is usually measured 
by an electrical signal generated by a pressure 

10 transducer. The various viscosities are then 

calculated from the known geometrical parameters of 
the capillary. 

These types of prior art viscometers have 
proved to be inaccurate because of signal-to-noise 

IB problems in the signal generated by the pressure 
transducer. Part of this problem is due to high 
frequency pumping noise and back pressure 
fluctuations. The former is caused by the 
reciprocating action of the high frequency pumps 

20 commonly used to move solvent and polymer solution 
through the viscometer. Back pressure fluctuations 
cause flow rate fluctuations and occur when the sample 
solution goes through various high resistant elements 
6uch as end-frits, valves, connectors and the 

25 capillary tube itself. 

A significant part of this problem is due to 
actual flow rate fluctuations. These can occur for a 
number of reasons such as whenever the polymer sample 
is injected into the solvent stream. Sample injection 

30 upsets the flow rate, and noise is generated which 

hinders accurate viscosity measurement. Accordingly, 
measuring viscosity independent of flow rate 
fluctuations is critical to accurate viscosity 
readings. 

35 
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Viscosity measur meats are als v ry 

s nsitive t t mperatur fluctuati ns. Thes can 
occur wh n the temperatur of the solvent supply is 
not controlled carefully and is affected by 
5 environmental temperature changes. Sample injection 
can also cause temperature upsets. Measuring 
viscosity independent of temperature fluctuations is 
therefore important in obtaining accurate viscosity 
measurements. 

10 An improved viscometer described in U.S. 

Patent 3,808,877, granted May 7, 1974, to David E.- 
Blair and assigned to the same assignee as the present 
application, sought to solve some of these problems. 
The Blair viscometer used a flow restrictor between 

15 the solvent supply and capillary to try to maintain 
the flow rates constant. Also, it measured relative 
viscosity by talcing separate pressure drop 
measurements, first when polymer solution and then 
when pure solvent flowed through the capillary. In 

20 its preferred embodiment, two capillary tubes were 

arranged in parallel, one filled with polymer solution 
and the other only with solvent. In another version, 
the two tubes were connected in series, with pure 
solvent flowing through one and polymer solution 

25 through the other, and the pressure drop across each 
was measured. In each case, the capillary tubes had 
to be exactly matched so as to be identical in 
diameter and length. Otherwise, the pressure drops 
across both would not be equal for a given flow rate. 

30 If , however, the: capillaries were not maintained at 

the identical temperature, they became "unmatched n in 
pressure drop, which resulted in lower sensitivity. 
Fluctuations in flow rate as well as temperature also 
adversely affected the accuracy of Blair's relative 

35 viscosity measurements. 
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A capillary viscomet r which is similar to 
Blair's pref rr d parallel arrang ment for m asuring 
th differential pr ssur acr 88 a capillary bridge is 
described in U.S. Patent 4,463.598 granted August 7, 
1984, to Max A. Haney. This device, as in the case of 
Blair "s. requires the capillaries to be matched. 
Also, Haney, like Blair, does not compensate for flow 
rate and temperature fluctuations in real time when it 
measures the differential pressure drops. 
Consequently, neither Blair nor Haney provides 
viscosity measurements independent of flow rate and 
temperature fluctuations. 

A more accurate viscometer is also needed in 
size exclusion chromatography (SBC) such as gel 
permeation chromatography (GPC) analysis. This 
technique has become widely used because of its 
ability to separate polymeric materials in a dilute 
solution according to molecular size, it utilizes 
columns containing: porous packings which are capable 
of separating the molecules in a multi component 
polymer sample according to si2e. The polymer 

components migrate through the column at different 
velocities and elute separately from the column at 
different times. The largest polymer molecules elute 
first and the smallest molecules last. By detecting 
the amount of polymer fractions in the eluant, a GPC 
elution curve is generated which ref lects the 
molecular weight distribution of the multicomponent 
polymer sample. 

In a GPC device, a detector is commonly used 
for providing the weight concentration profile of the 
elution curve. The polymer sample concentration 
profile is commonly obtained by using a differential 
ref ractometer . Molecular weight information is 
provided indirectly by the time of elution (also 
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reff rr d to as r tention time) f the dif f 
p lymer c mponents in the sampl . By using 
standardized correlations, which ar oft n n t 
available* the molecular weight distribution of the 
polymer sample could be calculated. 

One major drawback with this type of 
instrument is that it does not directly measure the 
molecular weight of polymer molecules as they elute 
from the GPC columns. Also, there is no calibration 
of the GPC peak retention times, with the polymer 
molecular weight. Rather, it is necessary to assume 
some relationship between retention times and 
molecular weights over a wide range of different 
polymer structures. Quite obviously, a detector which 
will provide a means for measuring molecular weight 
directly is preferable. 

A continuous capillary type viscometer was 
proposed for GPC analysis by A. c. Ouano in J. Polym. 
Sci. Part A~l. 10. 2169 (1972). A single capillary 
tube was placed in series with a concentration ^ -*\ 
detector such as a differential ref Tactometer at the 
exit end of the GPC column. As liquid continuously 
flowed through the capillary* the pressure drop across 
the capillary was measured and recorded. When a 
polymer solution of higher viscosity than the solvent 
reached the capillary, a peak in the AP recording 
trace was detected. Variations of this type of 
GPC-viscosity detector are described in U.S. Patent 
3.837.217. granted September 24, 1974. to M. W. Schulz 
and U.S. Patent 4.286.457. granted September 1. 1981. 
to B. W. Johnson. 

These GPC-viscosity detectors, however, 
remain inaccurate because the pressure drop AP 
signals are still subject to flow rate and temperature 
fluctuations. While the improvements described in 
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Blair in U.S. Patent 3,808.877 might help sob what in 
6PC analysis as suggested by Han y in U.S. Patent 
4.463.598. th re remains and for an accurate means 
for measuring vise sity which is truly indepehd nt of 
5 fluctuations in flow rate and temperature. The 

present invention overcomes the problems associated 
with the prior art devices by eliminating the need for 
matched capillaries and by eliminating the dependence 
of the relative viscosity measurement on fluctuations 
10 in flow rate and temperature. 

' SUMMARY O F THE IWVRNTIOM 
The present invention provides a means for 
measuring either the intrinsic or inherent viscosity 
of a solute in solution with a solvent by a process 
15 which is independent of f low rate and temperature 
fluctuations comprising the steps of : 

passing the solvent through a first capillary 

tube. 

passing the solution through a second 
20 capillary tube connected in series With the first 

capillary tube.' . •.V-y'^v '-'^S'.- 

■ "■ . .y : -.-- «> ■• ■ . ... 

measuring separately the pressure drop across 
the first and second capillary tubes when each is full 
of flowing solvent and solution, respectively. 
25 generating signals corresponding to the 

pressure drop across each capillary tube, and 

employing said signals to measure either the 
intrinsic or inherent viscosity of the solute by use 
of amplification means, preferably logarithmic 
30 amplification means wherein the viscosity measured is 
independent of flow rate and temperature fluctuations. 

An apparatus for accomplishing this process 
comprises in combination: 

a first capillary tube through which the 
35 solvent flows. 
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a second capillary tub arrang d in s ri s 

with the first capillary tube and thr ugh which the 
solution flows, 

solvent supply means for supplying solvent to 
5 flow through both capillary tubes, 

solution supply means for supplying a sample 
of the solute to the solvent stream so that solution 
flows through the second capillary tube, 

means for measuring the pressure drop across 
10 each capillary tube and generating a signal responsive 
to each pressure drop, and 

amplification means, preferably logarithmic 
amplification means for receiving and processing the 
pressure drop signals for use in measuring either the 
15 intrinsic or inherent viscosity of the solute 
independent of the flow rate and temperature 
fluctuations of the solution and the solvent. 

The invention may also be employed with GPC 
or other SEC analysis means to obtain information on 
20 the molecular weight distribution of polymer material. 
The invention may also be used as an in-line process 
monitor or as a stand-alone viscometer. 

While the present invention is described 
herein with reference particularly to polymer -solvent 
25 solutions, it should be understood that the invention 
may be used with other sample and referencing liquids 
wherever accurate viscosity measurements are needed. 
Thus, the viscosity of other sample liquids may be 
readily calculated from the relative viscosity 
30 measurement where the viscosity of the referencing 
liquid is known. 

The present invention utilizes two 
capillaries arranged in series. A pressure transducer 
is connected across each capillary to monitor 
35 simultaneously the pressure drop of fluid flowing 
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through each tub . The pressure drop measured across 
th first, r analytical capillary, will corr spond to 
the sample liquid, in this case, th polymer solvent 
solution. AP p . while the pressure drop across the 
second, or reference capillary, will correspond to the 
reference liquid, in this case pure solvent. AP . 

The signals generated by the pressure 
transducers are fed to an amplification means rather 
than being linearly subtracted as has been done in the 
prior art. The signals of the pressure drop across 
the analytical capillary. AP p . and the pressure 
drop across the reference capillary. AP . are 
processed as a ratio of AP p /AP 8 in real time 
by the amplification means. 

Real time signal processing of the 
simultaneous pressure drops across the analytical and 
reference capillaries eliminates the effects of flow 
rate and temperature fluctuations in the capillaries. 

The real time signal processing means can be 
accomplished using an analog divider as described in 
"Burr Brown Operation Amplifier Design and 
Applications" (1971) McGraw Hill p. 279 or by a high 
speed computer which reads the signals AP /AP 

P 8 * 

in real time. Preferably, a differential logarithmic 
amplifier is used to process the pressure drop 
differential of the ratio AP /AP in real 
time. It also eliminates the need to match the 
dimensions of the capillaries. The output of the 
differential logarithmic amplifier is a real time 
measure of the natural logarithmic of the relative 
viscosity, in n r * 

The pressure drop AP signal generated by 
the pressure transducer is related to the viscosity of 
fluid flowing through the capillary in accordance with 
the following relationship: 
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AP » K Q t) 
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where 

K is the instrument constant which is proportional 

to the capillary's length 4 and internal 

4 

diameter d as follows: ft/d 
q is the volume flow rate 
■n is the effluent liquid viscosity* 

When linear subtraction is used as in the prior art. 
the net signal of the pressure drops across both 
capillaries is measured as 

Net Signal (S) » AP p - AP g » K r Q x t| p - K 2 Q 2 ti 8 . 

When the capillaries are arranged in series, the flow 
rate through each is ideally equal so the net signal 
equation becomes 

(S) x - K 2 Q ^ 

If the capillaries are matched identically, the 
foregoing equation will become 

(S) « (t| p - ti B )K Q 

So even under ideal condition, the net signal (S) is 
still a function of Q and will be affected by the flow 
rate upsets. Baseline fluctuations and sensitivity 
variations will also be experienced. 

The problem can be eliminated when an analog 
divider or computer-based real time signal processor 
is used to generate the net signal. (S). (S) will be 
determined as follows: 
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(S) - AP n /AP„ 

- oA< 0181224 

G x r G 2 is initially adjust d while pumping one 
fluid through the system so that: 
(S) - 1 - ^-y, 
G 2 K 2% G 2 K 2 

After this adjustment. (S) is now a direct measure of 
the relative viscosity of the fluids flowing throught 
the capillaries and is independent of flow rate. 

Also, this problem can be eliminated when a 
differential logarithmic amplifier is used since the 
net signal (S) will be determined as follows: 

(S) - in &p n - £n AP 

- I* (AP p /AP s ) 

- tn ( Gl Kl Q ^ p /G 2 K 2 Q V 

- in ( Gl K x r, p /6 2 K 2 n 8 ) 

- In (G r Kl /G 2 K 2 ) + m („ p /„ 8 ) 

» In ( Gl Kl /G 2 k 2 ) + in, t 

where as noted earlier t! r is the relative 
viscosity i, p /„ 8 and G l and G 2 are the 

electronic gains in the AP signal measured across 

the analytical and reference capillary, respectively. 

The first term is a flow rate and temperature 

independent instrument constant of the capillary 

mismatch that can eaeily be eliminated by suitable 
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zer ff set calibrati n in the instrument 

lectr nics. Alt rnatively, it may be liminated by 
matching 6 X 1^ to G 2 K 2 electronically. Th 
second term is the natural logarithm of the relative 
viscosity. 

By adjusting the gains in each AP signal 
electronically so as to match G x K x and G 2 K 2 . 
the net signal will equal the natural logarithm of the 
relative viscosity: 

(S) - In ti r 

This output signal (S) thus will give a direct read 
out of the inherent and intrinsic viscosities as noted 
earlier according to the following relationship: 

*inb > * n ( Vc 

- lim (In Ti r )/c 
c-o 

where polymer weight: concentration C can be determined 
by a detector such as the differential ref ractometer 
located in the fluid flow path. 

The signal output is independent of flow rate 
and temperature fluctuations and responds only to the 
polymer viscosity. Moreover, there is no need to 
match the capillaries. 

BRIEF DESCRIPTION OF THE FIGURES 

The invention can best be described with 
reference to the following figures, in which 

FIG 1 is a schematic diagram of one 
embodiment of the viscometer of the present invention. 

FIG 2 is a graph illustrating the signal 
outputs of the concentration detector and differential 
logarithmic amplifier of the viscometer of FIG 1. 
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FIG 3 illustrates th f l w cat indeed! Jc? 24 
bserv d in the signal outputs f th differ ntial 
1 garithmic amplifi r f th viscometer f FIG 1. 

FIG 4 1b a schematic diagram of a s c nd 
embodiment of the viscometer when used in connection 
with GPC analysis. 

FIG 5 is a graph illustrating the signal 

outputs of the concentration detector and the 
differential logarithmic amplifier of the 
GPC- viscometer device of FIG 4. 

FIG 6 is another graph illustrating the flow 
rate independence observed in the signal outputs of 
the differential logarithmic amplifier of the GPC- 
viscometer device of FIG 4. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG 1 illustrates one embodiment of the 
viscometer of the present invention which can be used 
in batch sample viscosity determinations. Two 
capillaries are arranged in series. The first is the 
reference capillary ID through which only solvent 
flows. The second is the analytical capillary 12 
through which the polymer-solvent solution will flow. 
The capillaries are long tubes of small internal 
diameter formed of glass, metal or any other suitable 
material. 

Connected across each respective capillary 
are pressure transducers 1£ and 16 which monitor the 
pressure drops of fluid flowing through the 
capillaries. Each transducer will generate an 
electrical signal corresponding to the pressure drop 
across its capillary. These signals are fed to a 
differential logarithmic amplifier 17. such as a Burr 
Brown Log 100 jp. 
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S lv nt is intr due d from are rvoir 18 via 
a pump 20. The polym r sample is in} ct d int the 
s lv nt str am from a sample loop 22 via a sample 
injection valve 24., which may be a two-position 6-port 
5 valve. This type of valve is sold by Valco 

Instruments Inc.. under the designation Valco 
CV6UHPA. The sample loop is located downstream from 
the reference capillary 10 but before the analytical 
capillary 12. 

10 Solvent is pumped to the reference capillary 

through a flow resistor 26 which is a long tube of 
small internal diameter. This flow resistor and a 
second flow resistor 2S located downstream from the 
analytical capillary 12 provide back pressure which 

15 improves the performance of the pump 20 and pressure 
transducers 14 and 16. A pulse dampener 30 . which is 
located between the pump 20 and flow resistor 26. 
reduces the effect of the pump noise in the signals 
generated by the transducers. 

20 A third; flow resistor 32 provides a solvent 

flow by- pas 6 around the sample injection valve 24 . 
This ensures continuous flow during sample injection 
and reduces flow rate upsets caused by the valve 
switching during sample injection. 

25 A concentration detector 34. such as a 

differential ref Tactometer cell is placed at the end 
of the stream. Other types of concentration detectors 
such as ultraviolet or infrared devices may be used 
depending upon the particular type of sample used. 

30 After it passes the concentration detector 34* the 
sample stream empties into a waste receptacle 36. 
Where the concentration of the sample is known, a 
concentration detector is not needed in order to 
calculate either the inherent or intrinsic viscosity 

35 of the polymer. 
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In op ration, th viscometer of PIG PWIf 224 
generate two s parate signal d tector trac s for 
rec rding. The signals from pressur transducers 14 
and 16 will, by empl ying a differential 1 garithmic 
amplifier, be processed to gen rat a viscosity (in 
ti £ ) trace while the concentration detector 34 will, 
generate a concentration C trace. Both will occur 
simultaneously and repeatedly from successive sample 
injections as shown in PIG 2. The sample used to 
obtain the signal traces of PIG 2 was polystyrene 
having a molecular weight of 17.500 in THF solvent at 
1 percent weight concentration. From the In d 
and C signals, both, the inherent and intrinsic 
viscosity of the polymer sample can be calculated 
directly and accurately from the ratio of the signal 
amplitudes shown in FIG 2. 

The flow rate independence of this viscometer 
has been demonstrated by intentionally varying the 
flow rate. As shown in FIG 3. the amplitudes of the 
viscosity traces remain essentially unchanged as the 
flow rate is nearly doubled. The sample used in PIG 3 
was polystyrene having a molecular weight of 4000 in 
THF solvent at 2 percent weight concentration. The 
middle three amplitude spikes from the output of 
differential logarithmic amplifier are essentially : 
identically as the flow rate is increased from 0.60 
ml/min to 1.0 ml/min. A decrease in amplitude begins 
to occur as the flow rate is further increased to 1 25 
ml/min (right) and 1.5 ml/min (left). In prior art 
devices, the amplitude of the viscosity signal would 
have approximately doubled with a doubling in flow 
rate. 

FIG 4 illustrates a second embodiment of the 
viscometer of the present invention where liKe 
elements are designated by the same reference 
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num r Is. Th viscometer here is us d as a G&S-81 224 
viscosity d t ctor. but it should be und r stood that 
other separati n devices could als be used. A GPC 
column s t 40 is locat d betw n the sampi 1 op 22 
and injection valve 24 and the analytical capillary 
12 . It should be noted that the relative positions of 
the analytical capillary 12 and reference capillary 10 
have been reversed in this embodiment. A large 
depository column 42 has been added and the 
concentration detector 34 is located between the 
analytical and reference capillary. Also the flow 
resistors 26. 28. and 32 have been omitted as has the 
pulse damper 30 The purpose of column 42 is to 
dilute the polymer-solvent solution with solvent so 
that the reference capillary 10 essentially has only 
solvent passing through it during the detection 
operation. 

While the operation of the GPC-viscosity 
detector will be described with reference to the 
schematic of FIG 4, it should be understood that the 
viscometer of FIG 1 could have: been used also, 
modified only by adding a GPC or other SEC column set v 
between the sample injection loop 22 and the 
analytical capillary 12. Likewise, with the 
arrangement of FIG 1. column 42 is not necessary. 

A multicomponent polymer mixture sample is 
injected through sample loop 22 and valve 24. The 
sample is carried by the solvent and is introduced 
into the GPC columns 40 where the polymer molecules 
are separated according to size. The larger molecules 
are e luted first at the other end as described 
earlier. The concentration detector 34 detects each 
polymer component and provides a concentration C 
signal at the elution time corresponding to each 
successively smaller molecular weight polymer 
component. 
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Th AP viscosity det ction traces will also 
ccur at the corcesp nding retention tlm sine ach 
component will gen rate a pressure drop signal across 
the analytical capillary 12 as it is eluted from the 
GPC column set 40. 

The AP signals are fed to a differential 
logarithmic amplifier which will process them as 
explained above and generate traces corresponding to 
the natural logarithm of the relative viscosity 4n 
n t of each respective polymer component. These 
traces occur simultaneously with the GPC concentration 
traces. 

FIG 5 graphically illustrates these recorded 
traces for 3-component polystyrene mixture of 0.25 
percent weight concentration in TOP solvent flowing at 
the rate of 2 ml/min. The top recording shows the 
concentration profile of the repeated GPC separation 
of the 3-component mixture as detected by a 
differential ref ractometer . The bottom trace records 
the same GPC separation, but with the viscometer 
signal of the log-amplifier output. The viscometer 
response is shown, as expected, as being highly biased 
in favoring the detection of the high molecular weight 
component. The close similarity of the traces for 
repeat GPC runs demonstrates the good reproducibility 
of the viscometer for GPC and other SBC applications. 
This is due to the fine baseline stability as shown in 
the lower trace which; is due in turn to the removal of 
the dependence on flow rate and temperature upsets and 
variations. 

Flow rate independence is more clearly 
demonstrated in FIG 6 in which the same three 
component polystyrene mixture is used but at slower 
flow rates, m the traces at the left a flow rate of 
1.5 ml/min is used while at the right. 1.0 ml/min. As 
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xp ct d ( the separation spr ad8 ut with 1 nger 
eluti n times at th si w r £1 w rat . Th viscosity 
r sp ns s (i.e.. the h ight f th in (tj ) 
trac 8). h wever. r main unchang d when the flow rat 
5 is slowed from 1.5 to 1.0 ml/min. In the prior art 
devices, the height would have been reduced by 
approximately 50% because of flow rate dependency in 
the signal. This demonstrates how the viscometer of 
the present invention effectively removes flow rate 

10 dependency from measurements made by a capillary type 
viscometer. A more accurate direct measurement of 
viscosity is thereby obtained unaffected by any upsets 
or variations in the flow rates of liquids passing 
through the viscometer. Moreover/ the need for 

15 matching exactly the dimensions of the referencing and 
analytical capillary tubes is also eliminated. 

The foregoing also illustrates the 
independence of the present invention to temperature 
fluctuations./ As noted earlier, temperature control 

20 is important in conventional capillary viscometers 

since small temperature variations in the liquids can 
greatly affect the accuracy of the viscosity 
measurements. No special temperature controls are 
necessary with the present invention. Due to the real 

25 time signal processing and the capillary arrangements, 
temperature fluctuations do not affect the accuracy of 
the viscosity measurement, this. is because the liquid 
in the analytical and reference capillaries will 
essentially be at the same temperature each time the 

30 relative viscosity signal is processed in real time 
from the simultaneous pressure drops across each 
capillary. 

While several embodiments and applications of 
the present invention have been shown and described. 
35 it would be apparent to those skilled in the art that 
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many more m difications and applications ate p ■Jiff 22 4 
with ut departing ft m the invention, the scope f 
which is defined by the following claims. 

FURTHER FEATURES OF THE APPARATUS AND METHODS OF THE 
INVENTION ' ' . . . ~ 

In the apparatus, the solution supply means may 
comprise, a valve for introducing the solute sample, 
and a restricted flow by-pass around the valve to 
provide continuous solvent flow during switching of the 
valve. Thus, in the method of determining the molecular 
weight distribution of polymer materials, the step 
of passing the sample through column means further 
comprises introducing the sample into the solvent 
through the valve. Also in the said method, a dilution 
means may be employed between the capillary tubes 
to ensure that essentially only solvent flows through 
the second capillary tube While the pressure drops 
across both capillary tubes are being measured. 

The apparatus may further comprise a flow resistor 
before the first capillary tube and a flow resistor 
after the second capillary tube. 

In the method of measuring the viscosity of a 
sample liquid, the reference liquid is preferably a 
solvent for the sample liquid. The viscosity of the 
reference liquid is preferably a known value 



20 0181224 

CLAIMS : 

1. A meth d f measuring either the 
intrinsic or inherent viscosity of a solut in 
s luti n with as Ivent which is independent of flow 
rate and temperature fluctuations comprising the steps 

passing the solvent through a first capillary 

tube. 

passing the solution through a second 
capillary tube connected in series with the first 
capillary tube/ 

measuring separately the pressure drop 
AP s across the first capillary tube and the 
pressure drop AP p across the second capillary tube 
when each is full of flowing solvent and solution, 
respectively, 

generating signals corresponding to the 
pressure drop across each capillary tube, and 

feeding said signals to an amplification 

means which processes the ratio of AP/AP in 

P 6 

real time for use in measuring either the intrinsic or 
inherent viscosity of the solute wherein the viscosity 
measured is independent of flow rate and temperature 
fluctuations. 

2. The method of claim 1 which further 
comprises the steps of measuring the concentration of 
the solute in the solution passing through the second 
capillary tube and generating a signal corresponding 
to the solute concentration. 

3 . An apparatus for measuring either the 
intrinsic or inherent viscosity of a solute in 
solution with a solvent comprising in combination: 
a first capillary tube through which the 
solvent flows. 

a second capillary tube arranged in series 
with the first capillary tube and thr ugh which the 
solut i n flows. 
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solvent supply mea n 8 for supplying solvent to 
flow thr ugh both capillary tubes. 

solution supply means for introducing a 
sample of the solute in solution with the solvent to 
flow through the second capillary tube. 

means for measuring the pressure drop AP 
across the first capillary tube and the pressure drop 
AP p across the second capillary tube and 
generating a signal responsive to each pressure drop 
and 

amplification means for receiving and 
processing in real time the ratio of the pressure drop 
signals of AP p /AP s for use in measuring either 
the intrinsic or inherent viscosity of the solute 
independent of the flow rate and temperature 
fluctuations of the solution and the solvent. 

4. The apparatus of claim 3, further 
comprising means for measuring the concentration of 
the solute in the solution flowing through the second 
capillary tube and generating a signal responsive 
thereto. 

5. The apparatus of claim 4. wherein the 
means for measuring pressure drop across each 
capillary tube comprises a pressure transducer and the 
means for measuring solute concentration comprises a 
differential ref tactometer. 

6. The apparatus of claim 3. wherein the 
solvent supply means comprises a reservoir of solvent 
and a pump with a pulse dampener to reduce pumping 
noise in the fluid flow. 

7. A method of determining the molecular 
weight distribution of polymer materials as they are 
eluted from a size exclusion chromatographic column 
means by a solvent comprising the steps of: 

passing solvent through the size exclusion 
chromatographic column means and through a first and 
second capillary tubes arranged in series. 
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introducing a sampl of polym r mat rials 
into the solv nt b fore said c lumn means s that a 
polymer material-s lv nt solution flows into the 
column means. 

passing the solution through the first 
capillary tube after it is eluted from said column 
means. 

measuring the pressure drop AP across 

6 

the second capillary tube when it is full of flowing 
solvent. 

measuring the pressure drop AP p across 
the first capillary tube as the polymer materials 
eluted from said column means pass through the first 
capillary tube. 

measuring the concentrations of the polymer 
materials that are eluted from said column means. 

# generating signals corresponding to the 
pressure drop and concentration measurements, and 

feeding said signals to an amplification 

means -which processes the ratio of AP /AP in 

p s • 

real time for use in calculating either the intrinsic 
or inherent viscosities of the polymer materials that 
are eluted from the column means; wherein the 
viscosity calculated is independent of flow rate and 
temperature fluctuations. 

8. An apparatus for determining the 
molecular weight distribution of polymer materials as 
they are eluted from a size exclusion chromatographic 
column means by a solvent comprising in combination: 

first and second capillary tubes arranged in 
series, wherein solvent flows through the second 
capillary tube and a polymer material-solvent solution 
flows through the first. 

solvent supply means for supplying solvent to 
flow thr ugh b th capillary tub s and the column m ans. 
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solution supply m ans f r introducing a 
sampl of the p lymer material, the supply means 
located at the nt ranee end of the c lumn means and 
the first capillary tube located at the exit end of 
the column means, 

means for measuring the pressure drop AP 
across the first capillary tube as the polymer * 
materials are eluted from the column means and pass 
through the first capillary tube. 

means for measuring pressure drop AP 
across the second capillary when it is full of flowing 
solvent. 

means for measuring the concentration of the 
polymer materials that are eluted from said column 
means. 

means for generating signals corresponding to 
the pressure drop and concentration measurements, and 

amplification means for receiving and 
processing in real time the ratio of the pressure drop 
signals of AP p /AP s and means for employing the 
concentration signal to determine the molecular weight 
distribution of the polymer materials that are eluted 
from the column means by measuring either the 
intrinsic or inherent viscosities of the polymer 
materials independent of the flow rate and temperature 
fluctuations. 

9. A method of measuring the viscosity of a 
sample liquid which is independent of flow rate and 
temperature fluctuations comprising the steps of: 

passing a reference liquid through a first 
capillary tube. 

passing the sample liquid through a second 
capillary tube connected in series with the first 
capillary tube. 

measuring s parately th pr ssur drop 
AP r across the first capillary tube when it is 
full of flowing refrence liquid and th pressure drop 



0181224 

24 

AP p act 68 th sec nd capillary tube when it is 
full f fl wing sample liquid, 

generating signals corresponding to the 
pressure drop across each capillary tube, and 

feeding said signals to an amplification 
means which process the ratio of AP p /AP r in 
real time in measuring the relative viscosity of the 
two liquids through the real time processing of the 
ratio of the pressure drop signals by U6e of 
logarithmic amplification whereby the viscosity of the 
sample can be determined independent of flow rate and 
temperature fluctuations. 

10. An apparatus for measuring the viscosity 
of a sample liquid which is independent of flow rate 
and temperature fluctuations comprising in combination: 

a first capillary tube through which a 
reference liquid flows. 

a second capillary tube arranged in series 
with the first capillary tube and through which the 
sample liquid flows. 

means for measuring the pressure drop AP £ 
across the first capillary tube and means for 
measuring the pressure drop AP p across the second 
capillary tube and generating, a signal responsive to 
each pressure drop, and 

amplification means for receiving and 
processing the ratio of the pressure drop signals 
AP p /AP r in real time so as to determine the 
relative viscosity of the two liquids independent of 
the flow rate and temperature fluctuations. 



1/5 



0181224 



v.- 

Q. 
Q. 
<J 




00 



I 



FIG. 2 2 ' s 018,224 




FLOW RATES (rnl/min) 



W5 



0181224 




5/5 



0181224 




S3DVM1 1VN9IS 



